O K-, Zn L 3 , and K-edges x-ray absorption near-edge structure (XANES) spectra and scanning photoelectron microscopy (SPEM) spectra were obtained for ZnO nanorods with various diameters. The analysis of the XANES spectra revealed increased numbers of O 2p and Zn 4p unoccupied states with the downsizing of the nanorods, which reflects the enhancement of surface states when the diameter is decreased. Valence-band photoemission spectra show a significant narrowing of the valence band for the 45 nm diameter nanorod. The Zn 3d intensities in the Zn 3d SPEM spectra are drastically diminished for all nanorods as compared to the ZnO reference film, which can be interpreted as a reduction in density of itinerant final states or in transition probability. Zinc oxide (ZnO) II-VI semiconductor is an important material for optoelectronic applications.
Zinc oxide (ZnO) II-VI semiconductor is an important material for optoelectronic applications.
1 ZnO nanorods and nanowires are particularly interesting because they can be used to tune electronic and optoelectronic devices that involve UV lasing action.
2, 3 Knowledge of the electronic structure of the nanorods is crucial to understand the basic physics for these applications. Recently, Guo et al. 4 and Chiou et al. 5 have studied polarization-dependent O K-edge x-ray absorption and angle-dependent x-ray absorption near-edge structure (XANES) for highly oriented ZnO microrods and nanorods, respectively. To complement these studies, the present XANES and scanning photoelectron microscopy (SPEM) measurements focus on the dependence of the electronic structure on the diameter.
O K-, Zn L 3 -, and K-edges XANES spectra and SPEM spectra were obtained at the National Synchrotron Radiation Research Center (NSRRC), Hsinchu, Taiwan. The O K-, Zn L 3 -, and K-edges were measured in fluorescence mode using a high-energy spherical grating monochromator and wiggler-C beamlines. SPEM images and spectra were acquired at the U5-undulator beamline. The SPEM-end station at NSRRC has been described elsewhere. 6 Well-aligned ZnO nanorods were synthesized without a catalyst by low temperature chemical vapor deposition process using Si(100) as substrate. The details of the preparation of the ZnO nanorods are reported elsewhere. 7 The size distribution of the nanorods was investigated using a scanning electron microscope (SEM) and a transmission electron microscope (TEM). Three samples have been determined to have diameters of 150± 40, 80± 20, and 45± 10 nm and lengths of ϳ600, 540, and 260 nm, respectively. These well-aligned nanorods have a hexagonal (wurtzite) structure and are oriented along the c axis as shown by the representative SEM and TEM micrographs for the 45± 10 nm nanorod in (a) and (b) of Fig. 1 , respectively. X-ray diffraction (XRD) measurements of the ZnO nanorods and of a reference ZnO thin-film sample are displayed in Fig. 1 . The characteristic peak of hexagonal ZnO with a (002) preferential orientation shows that the nanorods grow along the c axis. 7, 8 The slight shift in the diffraction peak to lower angles for nanorods with smaller diameters was interpreted as an increase in the lattice spacing with respect to the growth direction. 9 Figure 2 presents the O K-edge spectra of the wellaligned ZnO nanorods and the reference film. Features A 1 , B 1 , C 1 , D 1 , and E 1 are attributed to electron excitations from O 1s to 2p (along the bilayer) and O 2p (along the c axis) states. 4, 5, [10] [11] [12] The upper inset is an enlargement of the O K-edge near-edge features obtained after subtracting the background using a best fitted Gaussian curve indicated by the dotted lines. The increase of the intensities of these features with the decrease of the diameter of the ZnO nanorod shows that the number of O 2p unoccupied states increases with the decrease of the diameter. The 528-531 eV energy range is magnified and shown in the lower inset. This inset reveals a shift to higher energies of the O K-edge for nanorods, which can be interpreted as a widening of the energy gap. Figure 3 presents Zn L 3 -edge XANES spectra of ZnO nanorods and the reference film. Features A 2 , B 2 , and C 2 are associated with the transition of Zn 2p electron to Zn 4s and antibonding 3d states. 5, 13, 14 The upper inset displays a maga)
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APPLIED PHYSICS LETTERS VOLUME 85, NUMBER 15 nified view of the near-edge features after background subtraction using a best fitted Gaussian curve indicated by the dotted lines. The upper inset reveals that the intensities of features B 2 and C 2 decrease with the decrease of the diameter, while the intensity of feature A 2 is less sensitive. Since 3d orbitals are more localized than the 4s orbital, the transition probability of Zn 2p → 3d can be larger than that of Zn 2p → 4s. Then, features A 2 , B 2 , and C 2 will be dominated by Zn 3d state contributions. The decrease of the intensities shows a decrease of the number of Zn 3d antibonding states, which is consistent with a slight increase of the lattice spacing or Zn-O bond length observed in XRD measurements. The lower inset of Fig. 3 plots the integration of the intensities of the features in the O K-and Zn L 3 -edges XANES spectra between 528 and 547 and 1012-1027 eV, respectively, which represent the numbers of O 2p and Zn 3d unoccupied states. The decrease of the number of Zn 3d unoccupied states with the decrease of the nanorod diameter suggests a reduction of the O 2p -Zn 3d antibonding coupling with the downsizing of the nanorod. Figure 4 presents the Zn K-edge spectra of the ZnO nanorods and the thin film. Features A 3 , B 3 , C 3 , and D 3 reflect transition from Zn 1s to empty 4p (along c axis) and 4p (along the bilayer) states. 8 These features are similar to those observed in the Ga K-edges XANES spectra of GaN thin film 15 and nanowires. 16 The magnified main peak B 3 shown in the inset exhibits an intensity increase as the nanorod diameter decreases. This result shows that the number of Zn 4p unoccupied states increases as the nanorod diameter decreases. One may interpret the decrease of the Zn 4p occupancy with the decrease of the nanorod diameter as a Zn 4p -O 2p charge transfer. However, this interpretation will contradict with the increase of the number of O 2p un- occupied states shown in Fig. 2 . A more reasonable interpretation is that the increase of both numbers of O 2p and Zn 4p unoccupied states shows an enhancement of near conduction-band-minimum surface states, because smaller diameter nanorods are expected to have a larger surface atom/interior atom number ratio. Figure 5 displays spatially resolved valence-band photoemission spectra of the ZnO nanorods and the reference film. The Zn 3d SPEM images in this figure (insets) show the cross-sectional views of the nanorods and the top view of the reference film. The lower inset of Fig. 5 also exhibits the respective Zn 3d core-level spectra. The bright areas in the SPEM images correspond to the ZnO nanorods with a maximum Zn 3d intensity. The spectra displayed in Fig. 5 show photoelectron yields from selected positions indicated in the images as p, q, r, and s, which can be assigned to the sidewall regions of the ZnO nanorods with 45, 80, and 150 nm diameters and the top surface of the reference film, respectively. The zero energy refers to the Fermi level, E f , which is the threshold of the emission spectrum. The spectra have two main features. Feature A 4 near the valence-band maximum is dominated by occupied O 2p -Zn 4sp states and feature B 4 is associated with O 2p and Zn 3d /4sp hybridized states. 10, [17] [18] [19] [20] The figure demonstrates that the intensities of features A 4 and B 4 increase as the nanorod diameter decreases. The surface to volume ratio of a nanorod increases with the decrease of the diameter, so does the ratio of the number of surface atoms to the number of interior atoms. This increase may explain the larger SPEM intensity of the nanorods with smaller diameters. The intensity is substantially enhanced and the valence band is substantially narrowed for the 45 nm diameter nanorod. The Zn 3d core-level photoemission spectra shown in the lower inset reveal a decrease in the peak intensity as the diameter of the nanorod decreases. Intuitively, this result can be interpreted as a decrease of the number of Zn 3d occupied states with the decrease of the diameter. However, this interpretation may not be correct because an isolated Zn atom has a filled 3d shell lying much lower than those of 4s and 4p. In ZnO, hybridization between O 2p and Zn 3d orbitals may give rise to unoccupied antibonding states. However, the intensity of the Zn 3d photoemission spectrum from the nanorod with the smallest diameter is less than half of that of the thin film. If the intensity directly reflects the Zn 3d occupancy, the Zn 3d photoemission results would imply that Zn 3d orbitals are less than half filled. This is very unlikely. The photoemission intensity is a product of the density of occupied Zn 3d states, density of unoccupied above vacuumlevel itinerant states, and the transition probability between these states. Thus, the drastically reduced Zn 3d photoemission intensity for the nanorods is better interpreted as a drastically reduced density of the itinerant states and/or transition probability.
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